monocytogenes NCTC11994 were ACP treated in 10ml phosphate buffered saline (PBS).
Introduction

56
Plasma is a neutral ionised gas which is composed of particles including free electrons, 57 radicals, positive and negative ions, quanta of electromagnetic radiation, excited and non-58 excited molecules (Misra et al. 2011) . Plasma generated at room temperature and pressure is 
76
The inactivation efficacy of ACP is governed by system and process variables including 77 power input, mode of exposure, duration of exposure and gas composition, as well as concluded that the bactericidal effect was related to a combination of oxidative and 102 nitrosative effects. Discharging plasma in an air or nitrogen containing gas mixture can also generate reactive nitrogen species (NO x 
122
MATERIALS AND METHODS
123
Bacteria types and Growth Conditions
141
ACP system configuration
142
The dielectric-barrier discharge (DBD) ACP system used in this study (Fig. 1) 
167
Microbiological Analysis
168
To quantify the effects of plasma treatment, 1 ml of treated samples were serially diluted in 169 MRD and 0.1 ml aliquots of appropriate dilutions were surface plated on TSA. In order to 170 obtain low microbial detection limits, 1 ml of the treated sample was spread onto TSA plates 171 as described by EN ISO 11290-2 method (ISO 11290-2, 1998). The limit of detection was 1
172
Log CFU ml −1 . Plates were incubated at 37 ºC for 24 h and colony forming units were 
190
16S rRNA was performed using the primers listed in 
204
Means were compared using analysis of variance (ANOVA) using Fisher's Least Significant
205
Difference-LSD at the 0.05 level.
206
RESULTS
207
The effect of voltage level on DBD-ACP inactivation efficiency 208 The effect of voltage levels on ACP inactivation efficacy was investigated for E. coli strain
209
ATCC 25922. ACP treatment of E. coli in PBS at 56 kV RMS , using air as a working gas type,
210
decreased the cell population by 1.8 and 1.6 log cycles after direct and indirect exposure,
211
respectively. Similar effects were noted using gas mix 2, where the reductions noted were 1.0 212 and 1.2 log cycles following direct and indirect ACP exposure, respectively (Table 2) . for 30s either in gas mix 1 or 2, decreased the population by 7.9 and 3.2 log cycles,
216
respectively. Similarly, direct ACP exposure at higher voltage level using either gas mixture 217 resulted in better inactivation effects compared to lower voltage level tested (Table 2) .
218
The effect of gas mixtures on DBD-ACP inactivation efficiency 219 In order to assess the effect of gas mixtures on ACP inactivation efficacy, the higher voltage 220 level was used against bacterial strains studied. With direct exposure of ACP generated in 221 either in gas mix 1, 2 or 3, the population of E. coli ATCC 25922 was reduced by 3.4, 2.8 and 222 6.6 log cycles, respectively (p≤0.05). However, indirect exposure in gas mix 1 and 3 resulted 223 in greater inactivation rates whereas only 3.2 log cycles reduction were recorded when gas 224 mix 2 was utilised (Table 3 ) . While in the case of non-toxigenic strain E. coli NCTC 12900, 225 inactivation below detection was achieved only after indirect exposure in gas mix 3. The 226 other gas mixtures were less effective. L. monocytogenes population was below detection 227 level after indirect exposure of ACP generated in all three gas mixtures tested. With direct
228
ACP exposure only, gas mixes 1 and 3 were more effective than the gas mix 2 for 229 inactivation of L. monocytogenes (Table 3) .
230
Ozone measurements
231
Ozone concentrations were measured immediately after plasma exposure with GASTEC gas observed than with 5 s treatment (Fig. 4 a, b, c) . This pattern was noted for all strains studied,
265
which was well correlated with microbial inactivation assessed by colony count method.
266
PCR results which are more sensitive for detection of small amounts of DNA showed no 267 noticeable difference between treated and untreated samples of E. coli (Fig. 4 d and e) .
268
However, in the case of L. monocytogenes, 30 s of ACP treatment resulted in more DNA 269 damage which showed a band with a weaker intensity than 5 s ACP treated and control 270 untreated samples (Fig. 4 f) inactivation efficacy. In the preliminary stages of our study, higher operating voltage resulted 285 in higher inactivation efficacy, which could also be attributed to the concentration of 286 generated reactive species influencing the inactivation rate.
287
The mode of ACP exposure showed some interesting inactivation effects interacting with the 
298
Besides voltage level, the working gas utilised for ACP discharge had a major effect on 299 inactivation. Overall gas mix 3 was associated with greater inactivation (p < 0.05). No 300 significant differences were observed between gas mix 1 and 2 effects overall (p>0.05).
301
However, there was a significant interactive effect of microorganism with gas mixture on the not yield significant microbial reductions, but a 4 min ACP treatment using air delivered a 5 317 log reduction of E. coli. In our study, we report greater bactericidal tendency using gas mix 3 318 which was composed of high oxygen, high carbon dioxide but low nitrogen levels than that 319 achieved using gas mix 2 with high nitrogen and low oxygen levels. However, a useful 320 efficacy was achieved using gas mix 1 (air). It is likely that varying the ratio of working 321 gases will lead to different ratios of reactive species which in turn may further elucidate the 322 relative importance of specific species for inactivation of particular target cells. ACP 323 discharge in air (gas mix 1) also recorded better inactivation effects than gas mix 2, although 324 these were not always significant. The gas mixes studied here reflect those commonly 325 employed for modified atmosphere packaging in the food industry. Therefore it was 326 interesting to note that significant antimicrobial effects could be achieved using atmospheric 327 air in very short treatment times, in place of a specific gas mix targeted for microbiological 328 quality control.
329
The effects of ACP inactivation were also dependent on bacterial strains studied. Literature inactivation by non-thermal plasma is a complex process and its mechanism of action is a 336 subject of interest which is still not completely understood. Related to the system in use, it is 337 warranted to evaluate specific system and process parameters in conjunction with the 338 potential target as one way of enhancing understanding of the mechanism of action.
339
To gain insight to the relationship between system and process parameters and mechanism of 340 ACP action, we investigated some biological consequences following ACP exposure. Cell 
356
Comparing cell leakage and inactivation results with a 5 s ACP exposure, a high leakage rate
357
was detected for all strains (Fig.3) , however, there were only minor effects on the cell 358 culturability (Fig. 2) . For E. coli strains, approximately 1 log reductions were achieved after 5 s in association with a large spike in the material leaking from the cell. However, for 
367
The inactivation efficacy was also related to anti-oxidative activities of the target bacteria.
368
Compared to E. coli ATCC 25922, the non-toxigenic E. coli NCTC 12900 has been reported 369 to have a stronger resistance to acid stress, multi-drug resistance and higher rate of mutations,
370
which has cross protective effect against a wide range of environmental stresses including Therefore, we performed further investigations to assess ACP effects on genomic DNA 379 damage and amplified DNA products.
380
In our study using high voltage plasma, the extent of genomic DNA damage was dependent (Figs. 4 a, b, c) , which potentially increased the sensitivity towards plasma generated oxidative stress. To further assess DNA fragmentation by high voltage plasma, amplification 385 of DNA by PCR was performed which revealed the extent of DNA damage was dependent 386 not only on type of bacteria but on ACP treatment time (Fig. 4 d, (Fig. 4) 
